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The human papillomaviruses (HPV^) specify o complex fomily of overtopping pofycistronlc mRNAs. 
Inciudino one that encodes transformation profeins and an outoregulotory Transcriptional factor 
capable of both positive and negotlve feedback. The viral enhancer-pronnoter region also 
responds to constitutive ond conditional host tianscriptionol factors. Together these regulotofy 
proteins modulate viral transcription in coordination with epithelial tissue dlfferentlotlon, We hove 
designed prot>es that can distinguish each of the five prevalent ond reloted Hm ttiat infect the 
anogenltol region. VJe have olao built subgenomic clones fiom whicli riboprobes specific for 
individual mRNA species are generated in vttro. These probes reveal the viral transcription 
patterns in serial sections of patient biopsies ofter In situ hybridization. Our shjdtes on o spectrum 
of lesions ronglno trom benign epitheilol tiyperproiiferation to invosVe carcinomas associated 
s*4th HPV types 6. 11. 16. and 18 demonstrate ttiat virol gene expression Is tightly linked to cellular 
differentiation. The most definitive parameter in choroctertang the state of viral-host Interactions 
associated wtm the oncogenic HPV types 16 and 18 resides in the relative abundances of mRNAs 
from the E6-E7. E4-E6, and LI regions, In low-grade lesions, alt are expressed, with the E4-E6 RNA 
belna most abundant. As ttie severity of neoplasto Increases, the expression of E4-E5 ond Li 
' decreoses or becomes absent- Conversely, the E6-E7 region Is derepressed. On the bosls of this 
Informotloa we propose a molecular mectianism for the derepre«ion of the virol transformation 
oenes The recently described Interactions behveen the viral transformation protein and the 
retlnobiostomo (RB) onti-oncoprotein ond perhops ofhers probobly olso play key roles in the 
initiation of viral carcinogenesis (Dyson et al 1909 and this volume). 



Neoplasia of Ihc uterine cervix has traditionally been 
classified according to histopathologic criteria (Patten 
1978; KosK 1979). Intraepithelial neoplasms appear to 
form a morphologic continuum, with clear evidence tor 
progression through eucceeaively more severe stages to 
invasive cancer. Virtually all of these morphologic altera- 
tions have been consistently asaociatsd with one or 
more types of HPV infection. Nearly two dozen HPV 
lypee have been found in the anogenital tract. HPV types 
6 and 1 1 are most often aoeociated with benign venereal 
warts (condylomata acuminata) in the lower genital tract 
and are also Infrequ^nity found In some carcinomas. In 
contrast, higher-grade intraepithelial neoplasia, car- 
cinomas In dilu, and invasive carcinomas are associated 
primarily whh HPV types 18, 18, 31, 33, and 35 (for 
review, see Pfiater 1967). This paper describes molecu- 
lar studies of HPV tranecripiion and regulation, relates 
them to the transcription profiles observed in a spectrum 
of HPV- 16- and HPV-ie:aafiOCiaied genital tract lesions 
and proposes a molecular mechanism for HPV-induced 
carcinogenesis. 

* Present eddreas: Northwesiern University School of Medi- 
cine, Department of Medictrte, Infectious Diseases Unit, 
Chieago, Illinois 60611. 



The normal epithelium of the uterine cervix varies 
according to anatomic site. The lining of the endocervi- 
cal canal is a.mucue-secreting, unstratified columnar 
epithelium. The ectocervix is covered by* a stratified 
noncornified squamous epithelium. After puberty, the 
position of the squamo-columnar junction generally 
moves up the endocervical canal as glandular epithelium 
becomes replaced by metaplastic squamous epithelium. 
This transformation zone, where active epithelial turn- 
over is most evident, Is also the site for initiation of most 
of the epithelial neoplasms of the cervix. All of the 
epithelial cell types are probably derived from a common 
pool of dividing multipotential reserve cells that can 
differentiate along a vanety of paths, depending on 
regional stimuli (Coppleaon and Reid 1967; Gould et al. 
1079). In squamous mucosae, the dividing cell population 
is generally restricted to the basal and possibly parabas- 
al layers. A subpopulation of daughter cells are pushed 
up toward the eurface. These cells undergo several 
• successive changes in the expression of particular sub- 
Bets of the keratin gene family (Moll et el. 1983). Such 
differentiation is reflected in the characteristic cellular 
morphology in a given epithelial ceil layer. Under normal 
conditione in the ectocervix, the mature squamous mu- 
cosa does not have a well-defined granular or keratin 
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layer. The superficial squamous cells contain abundant 
cytoplasm and a smaJI pykriotic nuckijis and are th© 
primary coils 6loughed to the environment. In conlrafit, 
external cutaneoua 9kin matures aeveral steps further to 
prodjucc a highly cornificd surface layer. 

Papillomaviruses induce changes in differentiating 
epithelia. The most pathognomonic cell, often seen in 
productive infections^ is called a koilocyte {koilo means 
cave), which has a large vacuole around the nucleus. 
The nuclei of koilocytos are almost always atypical in 
that they are enlarged and hyperchrometic, with en 
associated increase in nuclear to cytoplasmic ratio. 
HPVfe alao induce architectural changes in the epi- 
thelium . including papillary hyperprorrferalion and epi- 
thelial thickening (acanthosis), thought to result from the 
enlargement of Individual celts and from a delayed 
course of differentiation leading to the accumulation of 
excessive numbers of cells prior to desquamation 
(Stainbarg 19B6). These features are charecterislic of 
the usually benign exophytic neoplasm, condyloma 
acuminatum of the vulva and vagina. However, in the 
cervix similar changes are more frequently associated 
with flat epithelial proliferations lacking papillary growth. 
Such ''flat condylomas" are recognized as the earliest 
manifestation of a spectrum of cervical dysplasia (in- 
traepithelial neoplasia). Morphologic progression 
through the stages of dysplasia includes replacement of 
increasing proportions of the epithelium above the 
parabasal stratum with dividing cells that often exhibit 
nuclear abnormalities, such as increased numbers of 
mitoses, abnormal mitoses (aneuploidy), and multinu- 
cleated cells. There is concurrently a proportional de- 
crease in the frequency of koilocytes, presumably be- 
cause of the absence of the differentiation signals 
necessary for the production of viral cytopathic effects 
aseociated with late viral gene transcription. Dysplasias 
are graded as mild (cervical intraepithelial neoplasia 
grade I ICIN I]), moderate (CIN II), or severe (CIN III) 
corresponding, respectively, to the replacement of one- 
third, less than two-thirds, or greater than two-thirds of 
the epithelium by basaMIke calls. Classic carcinoma in 
situ of the cerviK (also called CIN III) is recognized aa a 
stage in which the entire epithelial thickness is replaced 
by primitive undifferentiated celle. 

Squamous carcinomas of the cervix generally arise 
from, or in association with, squamous intraephheliaf 
noopUsms. They may have keratinizing, nonkeratinizing, 
or undifferentiated morphology,' and may be composed 
of large or small cells exhibiting a range of individual cell 
differentiation. Adenocarcinomas of the cervix arise in 
glandular epithelium, often associated with a mor- 
phologic precursor, in situ adenocarcinoma. Small-ceil 
undifferentiated carcinomas do not have a well-defined 
histogenetic precursor and frequently demonstrate 
neuroendocrine differentiation. They are analogous to 
.small-cell carcinomas of the lung and are characterized 
by a particularly aggressive clinical course. The de- 
velopmental relationships among -these three types of 
epithelial differentiation are not certain, but it appears 
that the reserve cell population Is capable of differentiat- 



ing along all three directions. Initiation of neoplastic 
development could conceivably occur in a cell already 
committed to one of the differentiation paths. Alterna- 
tively, carcinogenesis may be initiated in a common 
multipoient precursor cell, with the subsequent differen* 
tiation influenced by genetic and environmental events 
during tumor progression. Because tumors with mixed 
differentiation are not unusual, a common stem celt 
capable of multlpotential differentiation is quite possible. 
We present some addhionai evidence based on patterns 
of HP V gene expression in favor of a common origin of 
these tumors. Similar patterns of histopathogenesis are 
recapitulated in other anatomical sites, including the 
male urogenital tract, the anal mucosa, and the nasal, 
laryngeal and respiratory mucosa, all of which have 
morphologically similar transformation zones and are 
subject to HPV infection. 

Papillomavirus genome structure, 
transcription, and regulation 

Numerous human and animal papillomavirus genomes, 
have been cloned, and for eome, their DNA 'sequences 
have been determined. They are a family of related 
double-stranded DNA viruses with circular genomes of 
approximately 7900 bp that replicate as extrachro- 
mosomal plasmids in the nuclei of epithelial cells in 
benign lesions. Their genomes are all similarly organized 
into early and late open reading frames (ORFs) encoded 
by the same DNA strand (Fig. 1C), Immediately preced- 
ing the early ORFs is an upstream regulatory region 
(URR) or a long control region, which contains transcrip- 
tional enhancer elements, promoters, and DNA replica- 
tion control sequences (for review, see Broker and 
Botchan ig86]. The early (E) region encodes trans* 
acting factors required for regulated, extrachromosomal 
replication (£l ORF)/enhancer activation and repres- 
sion (E2 ORF), and cellular transformation (E5, E6, and 
E7 ORFs). The viral capsid proteins (LI and L2) are the 
products of the lale region and are expressed in produc* 
tive lesions but not in transformed cells. 

In benign HPV-infected lesions, the viral DNAs exist 
as eytrachromosomal plasmids, mostly as monomeric 
circular molecules. However, in some butnot iall cancers 
associated with HPV-16, viral DNAa are found as mul- 
timeric circular moleculea, sometimes with deletions 
(Durst et al. 1965; Choo -et al. 1967; Smotkin and 
Wettstein 1987). In other cancers, viral DNA is inte- 
grated into host chromosomes (Durst et al. igSB. 1887; 
Matsukura et al. 1986; Shirasawa et al. 1986; Choo et 
al. 1967). Viral Integration, when characterized, invari- 
ably disrupts the E2 ORF encoding the transcription 
regulatory proteins (Schwarz et al. 1986; Matsukura et 
al. 1986; El Awady et al. 1d87; Baker et al. 1987; Choo 
et el. 1 986). Naturally occurring malignant lesions ex- 
press viral E6 and E7 mRNAs (Smotkin and Wettstein 
1986; this paper). In addition, most long-established 
cervical, carcinoma cell lines, such as HeLa, SiHa, and 
CaSki. have bean found to harbor integrated HPV types 
16 or 18 DNA from which the transforming E6 and E7 
regions are actively transcribed (Pater and Pater 1965; 
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RflUrc 1 HPV-16 cxon-ApecJfic probos, (A) Subgonomic SBflmenla of HPV-t6 DNA corragponding lo tho aiitidpsiod mRNA eions 
were cloned into pGEM dual promoter vector^. (0 ) A repreeentative eet of HPV.6 and HPV-1 1 mRNAe (Chow et al. 1 0B7a) end their 
probable prolein-coding potential. (C) The HPV-16 ORFa based on DNA sequence (Seedorl et ol. 1965) and the probable functions 
of the encoded proteins. RNA splice donor and ecceptor site* when known or inferred from homology with HPV-1 1 are marked with 
bant arrows. 



Schwarz et al. 7985; Yee et al. 1965; Schneider-Gadic- 
ke and Schwarz 1986; Baker et al. 1987). These obaer- 
vations further strengthen the important relationship be- 
tween theee HPV types and cervical neoplasia. 

Cellular transformation In vitro also has pointed to an 
active rote for certain papillofnavfrus types in these 
proceeaes. HPV-16 DNA immortalizes cultured primary 
foreskin keratinocytes or primary cervical ceils in culture 
(Pirisi et al. 1987; Woodworth et al. 1988). HPV types 
16. 18. 31, and 33. but not HPV types 6 or 11, are 
capable of iranaforming primary baby rat kidney epitheli- 
al cells in collaboration with en activated cellular on* 
nogene, Ha-ras (Storey eial. 1988), thus mtmickinfi the 
multistep carcinogenesis experiments described by 
Land et al. (1983). HPV-16 also inhibits the ability of 
primary keratin ocylee to differentiate when cultured on 
collagen rafts at the air-media interface (Assetineau and 
Prunieras 1984; Kopan et al. 1987), inducing mor- 
phologic transformation that mimics CIN (McCance et 
al. 1988). In such experimental systems, the trans* 
formed phenotype is not apparent until the calls have 
been passaged many generations, again suggesting the 
need for additional genetic events. The major trans- 
formation gene of HPV-16 is E7 (Phelps et al. 1986; 



Storey et al. 1988). The E7 protein has been identified in 
cervical carcinoma cell lines (Smotkin and Wettstein 
1986) and in transformed rodent cells (Banks and Craw- 
ford 1988).- Recently, a homology between the HPV E7 
protein and other viral and cellular oncogenes has been 
recognized (Phelps et al. 1966). Moreover, these pro- 
teins form complexes with the recently characterized RB 
anti-oncoprotsin (Lee et al. 1987; DeCaprio et al. 1968; 
Whyte et al. )9ee; Dyson et sL 1989 and this volume), 
suggesting the interaction between E7 and RB proteins 
could ptey a role in HPV-induced maligant transforma- 
tion. I1 is not known whether these observatioris are 
related to the elevated c-myc and c-ras expression in 
some cervical carcinomas (Riou et at. 1985). 

RNA transcription and regulation 
We have characterized the structures of HPV types 6 
and 11 mRNAs by electron microscopy of RNA:DNA 
heteroduplexes (Fig. IB) (Chow et al. 1987a) and those 
of HPV types 11, 16, and 18 by cDNA analysis (Naeeeri 
etal. 1967; M.O. Rotenberg etal., in prep.; D. Palernto- 
Dilts et al.. unpubl.). The critical polycietronic E2 mRNA 
on which this study Is centered originates from a highly 
conserved TATA motif at the beginning of the early 
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reflion, the E6 promoter, which is charoctcrisiic of all 
HPVs uophic for Ihe genital tract. It «pans the £6 and E7 
0RF6 and, ehortly into the El ORF, is spliced to a site 
just upstream from the E2 ORF and continues to the 
eariy polyadenylation site just downstream from the E5 
ORF (Fig. 16, a). Although encoded by the third major 
ORF in the spliced message, the E2 protein is synthe- 
sized in vsrioue nrtammalian cell lines (M.O, Rotenberg 
et el., in prep.). An E2-C mRNA (Fig. iB, g) derived 
from a promoter in the middle o1 the El ORF has a short 
5' exon with the initiation codon spliced to a major exon 
coding for the cerboxy-terminal half ol the E2 ORF 
(E2-C). Similar mRNAs for HPV-16 end HPV-18 are 
predicted based on geriomic DNA sequence homology 
and conservation of splice sites and coding capabilities. 
Multiple forms of E2 proteins have also been reported 
for bovine papillomavirua type-1 (Lambert et al. 1987; 
Hubben et al. 1088). Both E2 and E2-C proteins reg- 
ulate the enhancer and EC promoter (Spalholz et al. 
1985; Hirochiki et al. 1987; Umbert et al. 1987: Phelps 
and Howley 1987; Chin et al. 1988 and in prep.). Wo ' 
have dissected the HPV-l 1 regulatory sequences in the 
URR and have shown that it consists of three compo- 
nents, a set of sequences responsive to E2 or E2-C 
proteins (E2-RS), a constitutive enhancer I (OS), which 
has no cell-type specificity, and a constitutive enhancer 
II (CEII) , which functions only in epithelial cells of human 
origin (Fig. 2) (Hirochika et al. 1987; Chin et al. 1988 
and in prep,). We and other investigators (Andfophy et 
al. 1967; Giri and Yaniv 1988: McBride et aJ. 1988; 
MosWaluk and Beslia 1988) have shown that the DNA- 
binding domains of E2 and E2-C proteins of human and 
animal papillomaviruses are in the common carboiy- 
terminal portions. Each recogniies the E2-RS with a 
sequence motif ACCNeGGT, which occurs several 
times in the URR of all papillomavirus types, both human 
and anirnal.. accounting for enhancer regulation by 
heterologous E2 proteins (Hirochika ct aL 1987). In the 
mucosotrophic HPVs, two tandem copies (Fig. 2. nos. 3 



and 4) of the E2*responsive sequence immediately pre- 
cede the E6 promoter TATA motif, and a third copy (Fig. 
2, no. 2) is further upstream near CQ. Purified HPV-11 
E2 and E2-C proteins expressed In B$chenchia colizBn 
bind to each copy, and their ONAse I footprinta extend 
beyond the core motif (Chin et al. 1988; Hirochika et aL 
1988). When the tandem E2-re6pon8lve sequences 
(Fig. 2, nos. 3 and 4) are occupied in the absence of 
CEII, E2 protein acts as a transcriptional repressor 
rather than as an activator (M.T, Chin et al., in prep.), 
presumably because most of the TATA motif is occluded 
and unable to bind host transcription factor TFIID 
(Sawadogo and Roeder 19 85). If the TATA motif is 
located further away from E2 responsive sequences, as 
it is in the human and animal papillomaviruses trophic for 
cutaneous skin or in recombinant plasmids containing 
the HPV URR linked to the SV40 promoter, the fult- 
length E2 protein acts as a transcriptional trans- 
activator (Thierry and Yaniv 1 987; Chin et al. 1 968). The 
unique amino-terminal portion of each of the full-length 
E2 proteins has a highly conserved amphipathic, acidic 
a*helical domain analogous to those of many prokaryotic 
and aukaryotic transcription factors and is believed 
essential for protein-protein interactions in the formation 
of active transcription complexes. E2-C proteins invari- 
ably act as repressors, presumably by competing for 
E2-respbnsive sites without bringing in the activating 
domain (Cripe et al. 1967; Lambert et al. 1987; Chin et 
al. 1988). 

The incorporation of tandem copies of synthetic CEII 
sequences 38-bp long into a URR delation mutation 
lacking the native CEI and CEII partially abrogates E2 
repression of the E6 promoter (M.T. Chin et al„ in 
prep.). Similarly, multiple copies of a restriction frag- 
ment containing CEI also overcome the E2 repression 
and constitute a strong E2Hndepsndent enhancer in 
different cell types (Hirochika et al. 1988; M.T. Chin et 
al., in prep.). In cervical carcinoma cell tines, we have 
identified a — 44,00 0-^dalton protein that binds to CEII. 
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' FiBuro 2 Regulation of earfy region treoBcription of HPVb trophic for the genital tract. Moat of the foeluroa are known from studies of 
HPV-11 (Chow et al. 1067a; Hirochika et el. 1987, 1088; Chin el al. 1966 and in prep.). Cellular enhancer etemenu I (conalllutiv©) 
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activation domain. The poaitivo and negative affects of vsrioue hoat and viral IranacriptJonsI regulatory proteins are indicated by + and 
- , fojpectivoly, with tho E2 protein being the key to the feedback circuit. The thin fine in each mRNA represents an intron. 




Although we have found that purified E2 and E2-C 
proteins expressed \fi E. coti have essentially equal 
' affinities for the different copies of the E2-RS in fre 
absence of other cellular factors, we speculate that E2 
protein may preferentially bind to E2.RS 2 (Fig. 2) in 
association with these host factors, leading to the acti* 
yalion of the E6 promoter. Upon continued exprecsion of 
the operon, we propose that E2 protein levels rise to a 
concenUation sufficient to occupy E2-RS 3 and 4 (Fig. 
2), blocking the TATA motif and down-regulating Its ov<^n 
production to a low, etcedy state. In doing so, we 
believe that £6, E7, and possibly E6 transforming pro- 
tein concentrations are also controlled. We also pos- 
tulate that this feedback mainly occurs in the less dif- 
ferentiated basal and parabasal calls in which the CEI- 
and CEll-binding proteine might be limiting, thua pre- 
venting premature killing of the infected stem cells. This 
autoregulation is presumably oyercome by increased 
concentration of these host factors in the differentiated 
keratinocytee; allowing the virus to proceed into produc- 
tive infection. Such coordinate positive and negative 
feedback regulation is a hallmark of the bacteriophage X 
repressor gene and of the E. colt arabinose operon, for 
instance, but this would appear to be one of the first 
candidates in a eukaryotic transcription unit. The balanc- 
ing role played by E2-C repressor, in this regulation is 
not yet clear. E2 proteins expressed in E. colt focm 
dimers, including E2:E2-C heterodimers (McBride ei al. 
1088), potentially adding another level of fine tuning that 
can only be evaluated when regulation of the E2-C 
promoter is understood. 

In situ hybridization 

Exploration of the association between viral gene ex- 
preasion and. cellular differentiation demands the ability 
to discern topographical differences of transcriptional 
activity in the context of tissue morphology. Such infor- 
mation is invariably lost by mass tissue analysis. The 
amount of tissue necessary for such biochemical analy- 

• sis Is relatively large and is further complicated by the 
number of viral types, viral genes, and host genes that 
need to be examined. Furthermore, pathological exami- 
nation cannot be performed on the same tissue that is 
analyzed biochemically. In situ hybridization is the only 
technology that can address each of these problems. It 

. permits the sensitive detection of specific mRNA and 
DNA sequences in recent and archival, formalin-fixed 
biopsies, while preserving the histology of the tissue and 
revealing the exact cellular and subcellular location of 
the sequences under study. Over the past 3 years, these 
methode hove been increasingly utilized to address the 
molecular association of HPVs with neoplasia, as well as 
being recognized as one of the most powerful diagnoa*. 
tic and research tools available in anatomic pathology. 

HPV cross-reacUve end type-specific probes 
We have described previously DNA: DNA heteroduplex . 
mapping of genital HPVs and shown that the L1 ORPs 
are the most highly conserved regions, whereas the £b 
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region' and the URR-E6-E7 segment are most unique to 
each type (Broker and Chow 1066; Chow ot al. 18e7b). 
On the basis of these data, suk>genomic probes that can 
either serve as papillomavirus group cross -reactive 
probes or as type-specific probes were designed and 
confirmed by application to Southern transfer blots of 
DNA prototypes (Chow et al. 19B7b; see also Manos et 
al., this volume). Single*stranded RNA probes gener- 
ated from these clones were used to examine a wide 
variety of patient biopsies by in situ hybridization to 
conventional formalin-fixed, paraffin-embedded serial 
sections with a high sensitivity of detection. They gener- 
ally reveal foci of infection by a single HPV type, but 
occasionally two types may be present, usually coinfect- 
ing the same clusters of cells, as though one of the 
viruses may provide a helper effect for the other. 

An example of cross-reaction of RNA probes corre- 
sponding to the whole viral genomes of the closely 
related HPV-16 and HPV-31 (Lorincz et al. 1986; Chow 
et al. 1987b) is shown in Figure 3. Even at — S'C, 
HPV-31 whole genomic probes yield a weak positive 
signal with HPVr16 RNA present in a biopsy of a CIN I. 
When a subgenomic probe of HPV-16 from the relatively 
unique URR-E6-E7 region was used« a strong signal 
was maintained, whereas an HPV-31 E2-C-E5-L2-N 
type-epecific probe did not cross-react. Simitar type- 
specrfic RNA probes of HPV types 6, 1 1, 16. 16, and 31 
(Chow et al. 1967b; M. Stoler et al., in prep.) have been 
used to identify and type papillomaviruses in a large 
number of lesions using in situ hybridization. This paper 
focuses on lesions containing HPV-16 and HPV- 18. 

HPV-16 mRNA expression revealed by In situ 
hybridization with exon-speclflc probes 
There is only limited information on the precise struc< 
tures of HPV* 16 mRNAs, predominantly from S1 nu- 
clease mapping, of E6'E7 early region transcripts recov-' 
ered from CaSki cells (Smotkiri and Wettstein 10i36), a 
cervical carcinoma call line known to contain several 
hundred copies of full-length HPV-1d DNA integrated in 
tandem into several host chromosomes. Nonetheless, 
the similarity of genomic organization of all papillomavi- 
ruses and the conservation of splice donors, splice ac- 
ceptors, and polyadenylation sites evident In (he HPV-16 
DNA sequence suggest that the mRNA structures are 
likely to be analogouis to transcripts of HPV types 6 and 
1 1 (Chow et al. 1967a), The exception is the presence 
of small introns in the Efl transcripts of HPV-16 and 
HPV- 18 as well (Schneider-Gsdicke and Schwan 1986; 
Smotkin and- Wettstein 1086). Using polymerase chain 
reactions on cDNAs prepared from RNA isolated from 
CaSkJ cells* we have identified a common splice donor 
(nt 226) and two alternative splice acceptors (nt 409 and 
nt 526) in HPV-16 tranacripie. Both spedes tsad to 
Truncation of E6 protein by changing into reading phases 
closed shortly after the splice acceptor site (D. Patermo- 
Oilts et al.i unpubl.]. 

We have cloned subgenomic regions of HPV-16 cor- 
responding to the anticipated mRNA axons (Fig. 1A). 
These were placed in dual promoter vectors from which 



FROn xuw RESOURCE SHRRING 



2Q6 685 6049 



1-10 



121 5S It663 P. 08/14 



202 CANCER CtLlS 7 / Motocutof Dioonosfics of Humon Cancer 





HPV-16 G enomic Prcb e 



-16 E6 Probe I 




_ ►PV-SI E5 Probe 

FlQure 3 HPV-16 type-spedHc probes. •H-toboled antiBBnae riboprobes complpmenUry to viral RNA were genereied f rom fulMength 

Running the region from E4/.E2-C through the am>no-l©rm.nal portion of the L2 ORF (nt 3362-4584). They were hyhridaed to 
adiaoon? »ection$ of a biopey diagnosed ee CIN L The sections e.hibil HPV RNA signals when cither whole genomJc probe wa3 
employed In contraai, only the HPV.16 RNA signals are evident when subgenomlc. typo-epeciCc probes were applied. 



either sense.strand or snlisense-strand RNA probes can 
be generated by in vitro transcription. Trittum*labsled 
sense-Mrand RNA probes can be hybridized to dena- 
tured viral DNA in lesions without riek' of confounding 
hybridization to viral mRNA of the same polarity. Con- 
veraely. ^H-labeled antiaense RNA will anneal with high 
efficiency and specificity' to viral RNA in eamplea not 
subjected to prior denaturation of the DNA. Thus, the 
DNA and RNA distributions in specimens can be clearly 
dietinQutshed. 

Serial sections of biopsies of various cervical dys- 
plasias and carcinomas were processed for in eitu hy- 
bridization to probe for viral DNA or RNA, as described 
previously (Stoter and Broker 1086). Sections were first 
screened with HPV types 6, 11, 16. 18. and 31 type- 




specific probes. Hybridization was for 12-16 hours at 
7"^ - 25**C; excess probe was eliminated by digestion 
vk^ith rlbonuclease and high<stringency washing at T„ 
— S'G. Sections were overlaid with liquid photographic 
emulsion and autoradiographed for 4 weeks. Following 
developmenl, the elides were observed and photo- 
graphed by dark-field illumination, which produces 
dramatic light scattering from *H -exposed silver grains 
and hence Increases the sensitivity of detection. Signals 
are localized to the nucleic acid source: DNA and RNA 
precursors or processing by-products are in the nuclei, 
whereas mRNAs are predominantly in the cytoplasm. 

Specimens containing HPV- 16 that are described 
here include one case of koilocytotic atypia/CIN I, one 
case of CIN III, a set of three biopsies from a single 
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patient (representing sqOamouB carcinoma in silu and 
eldoceivical adenocarcinoma m eitu from a con* biop- 
cw as well as invasive adonosquamous carcinoma m the 
uterine corpus) and a second invasive squamoua car- 
cinoma. Tofiether. these rapresent .a nearly complete 
oatholoQical spectrum. A set of serial sectoons of each 
Jcrcimen lere challenged v^ith mRNA e.on-specific 
ToZ%e J^c for Ee.E7, El . E2. E4(E2<:)-E5. L2 and 
LI ORFs The nmo unts of probes uaed v v^normahted 
accordinaio£iiI^oJhaUhe^»gnalr 
r^iitSrS^ RNA..spfl.qies. Re- 

rj^^^T-^f^STini^ the same hislolOQical fea- 

Tures were photoflraphed and also 8emiquant.tai.vely 
evaluated by photodensitometry of light scattering. One 
section of each specimen was hematoxylin plus eosm 
suined for histopalholoQtcal evBiuat.on..A subset of the 



autoradiographs from this study are presented in Fig- 
ures 4, 5, and 6. 

All early as well as late exons were abundant in the 
CIN 1, with a distribution identical to that typically seen in 
HPV-6- or HPV- 11 -associated vulvar condytomas (M. 
Stolor et al.. in prep.). E6-E7 and E4-E5 exon signals 
first appeared just above the basal cell layer of the 
epithelium (Fig, 4B,E). There was a dramatic increase in 
signal intensity in the more differentiated koratinocytes. 
This is the same transition point where viral DNA copy 
(replication) also becomes* abundant (data not shown). 
One clear and perhaps significant difference between 
this HPV-16 CIN I and HPV-6 and HPV-11 vulvar con- 
dylomas ig that the HPV'IB E4.E5 exon si gnal is o nly 
2 - a iimea more abundan t than th e E6 -E7 e» on signa l, 
whereas it i fi ip-20 times rno'r'a abljnaant inT^KV-H anB 








«r«K-o «# Wfm I iA\ HiBtooatholoay (H A E sUln), showing low^jrade dysplasia and auporficial 
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Figure 5 HPV.16 axon-spftcific probea of invAaiva adanoequamouB carcinoma of the uicrine corpus. (/4) HialoJogy; (fl) E6»E7; (C) 
E4-E5; and (D) LI. 

early pofyadenylation site or perhaps are precursors lo 
laie messages. The tissue, though typical 1/ hyper- 
proliferative, showed full differentiation into stratified 
epithelium well as tcoilocytotic atypia indicative of a 
HPV cytopathic effecL 

The higher grades of lesione exhibited dramaticatfy 
less viral transcription and also were much more re- 
stricted in cellular differentiation. Nonetheless, it is im- 
portant to recognize that the amounts of viral RNA for 
the degree of differentiation vyere of similar or higher 
abundance compared with RNA concentrations in the 
basal and parabasal cells of equivalent differentiation in 
the GIN I. These observations are critical to the pro- 
posed mechanisms . of HPV carcinogenesis to be de- 
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HPV«1 1 infections. This might suggest that the putative 
promoter immediately preceding the El CRF of HPV-16 
is less active than thaVof HPV-6 and HPV-11, As with 
HPV-6 and HPV-11. the El and the E2 signals were 
almost exclusively nuclear (Fig. 4C,D). We attribute 
these to unprocessed primary transcripts and to residual 
inlron material derived from the E6-E7^4.E5 or E6- 
E7'E2-E5 mRNAs. Cytoplasmic signals from El or E2 
were low or negligible. Cytoplasmic L2 and Li ORF 
eignals emerged only in the highly differentiated aupcrfi- 
ciat strata (Fig. 4F,G), consistent with their synthesis as 
late messages encoding structural proteins. Occasional 
nuclear L2 and LI signals in mid-eplthelium may repre- 
sent the 3' run-on of early transcripts processed at the 




Figure 6 HPV- 16 exon-apacific probes of invaaive squamoua carcinoma of the cervix. (A) Hiatology; (0) C6*E7; (C) E4.ES; and (D) 
LI. 
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scribed. A9 mighl be anticipated, based on a require- 
menl for termfnal difterentiation, late RNA (L2 and LI) 
was generally not rtiade in any of the higher^rade 
lesions The CIN III exhibited modest amounts of E6-E7. 
and E4-E5 exons in the cytoplasm and proportionally 
lower El and £2 signals in the r^uclei (data not shown . 
L2 ar)d LI exons were absent. Similarly, the histological- 
ly distinct squamous carcinoma In situ, adenocarcinoma 
in situ, and invasive adenosquamoos carcinoma from a 
eingle patient all had the same exon Iranecnplion pat- 
terns, suggestive of a • clonal origin for lhese tumor 
typea. Within this set of specimens and others we have 
investigated. E6.E7 signals were clearty more abundant 
than E4.E5 signals (Fig. 5). One i"«'P'«'»»;°" l"; 
some of the viral DNAs are integrated near the E1/E2 
junction, dissociating the E2-E4-E5 region from the.r 
promoters, vvhereas others remain ep.somal. As de- 
scribed above, we believe that the lull-lenglh E2 protein 
in the less-difterentiated cells acta both as an activator 
and as a repressor lor the E6 promoter. Upon deletion or 
disruption of the E2 Bnd E2-C genes, the E6 promoter 
would be derepressed. which could account for the 
hioher relative E6-E7 transcription compared with E4.EB 
transcription. Consistent with this hypolheeie was our 
finding of a purely integrated pattern of gene expression 
that exhibits substantial levels of EB.E7,E1 signals but 



no E2-E4-e5, L2, or Li signals (Fig. 6 and data not 
shown) in a second case of invashre cancer. 

We have noticed in several simQar cases. that the LI 
'exon is anomalously expressed, despite the absence ol 
E4-E5 and L2 signals. We infer that the LI RNA (Fig. 
1B, i) did not arise from its usual promoter, but rather 
from an upstream host gene promoter, and is part of a 
transcript that either runs into the integrated HPV DNA 
or is spliced to the L1 acceptor site. Termination would 
be expected at the L1 polyadenylation signal. This siiig- 
gestive evidence for a hosi'Lt fusion transcript could 
also provide an explanation for the successful process- 
ing of the E6-E7 messages initiated from integrated 
viral genomes. They, like most eukaryotic messages, 
-probebly require splicing for transport to the cytoplasm 
and polyadenylation for stability. We speculate that the 
presumptive, interrupted host cell gene downstream 
from the integrated vira.l genome provides the 3' exon(8) 
and the polyadenylation signal allowing the completion 
of a £6-E7"host fusion transcript. In brief, it seems os 
though the HPV DNA integration event leading to car- 
cinogenic progression may require the chance insertion 
into a class ol genes that is expressed in epithelial cells. 
This proposal is being tested experimentally. 

HPV. IB-associated lesions have also been examined 
with analogous HPV-1B exon-specific probes (Fig. 7). 





dnoma of th« «ndocen/lx: (GF) smell-cell neuroendocrine carcinoma ol the endocanrix. 
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One case- of an HPV-18 CIN I expressed all earfy and 
late mRNAs (C. Rhodes et a!., unpubl.). HPV-t& has 
prevloualy been found predominanlly in adenocar- 
cinomas and adenosquamous carcinomas (Tase et al. 
. 1966; WiJczynski et oL 1988). We have recently discov- 
ered that small cell- neuroendocnne carcinomas are 
highly correlated with the presence and expression of 
HPV08 genes (M. Stoler, unpubl.). All carcinomas enhtb*. 
ited a transcription pattern indicative of integration (C. 
Rhodes et al., unpubl.). The absence of cases with full 
early region transcription (particularly the E2-E4-E5 re- 
gion) analogous to some of the HPV-ie CiN III or 
carcinomas, points to a high probability of rapid HPV-1B 
DNA integration and loss of the genes. This is 

entirely consistent with the more aggressive nature of 
HPV-1B carcinomas relative to those containing HPV-16 
DNA (Kurman et al, T988). 

Summary model of HPV carcinogenesis 
On the basis of the described tranEcriptional and regula- 
tory data from experimentation in vitro and in vivo, we 
propose the following molecular rnechanism for HPV 
carcinogenesis. One' of the key elements to the model is 
that the E2 transcription regulatory protein is translated 
from a polycistronic transcript that is derived from the 
E6 promoter and that also encodes several transforma- 
tion proteins from the EG and E7 ORFs. Low levels of E2 
protein, in sssociation with host transcripttonal factors, 
can up-regulate transcription from the E6 promoter. We 
hypothesize that the expression of such host factors 
depends on the state of cellular differentiation. In the 
mucosoirophic papillomaviruses, a tandem pair of E2 
and E2-C protein-binding sites are located adjacent to 
the E6 promoter TATA motif, v^hich is partially occluded 
• by binding of either E2 protein. Such interference even- 
tually overcomes autostimulation and down-regutates 
the production of the polycistronic message, providing 
feedback control to E2 and the viral transforming pro- 
teins. This balance leads to a low level of viral mainte- 
nance in relatively undifferentiated kerattnocytes. As the 
epithelium differentiates, incresses (or other changes) in 
host regulatory proieins, for Instance in factors like CEI- 
and CEII-binding proteins that can overcome C2 repres- 
sion, may relieve the negative regulation and lead to high 
levels of early transcription and to viral DNA replication. 
Increased gene dosage results in higher viral gene 
expression and the chance for breakthrough to late gene 
expression and virion production. Thai cellular trans- 
formation does not occur at this stage can be attributed 
10 the fact that theee differentiated cells have already 
lost the ability to divide. In some rare events, the steady 
maintenance state in the infected stem cells is dis- 
rupted. Mutations in the HPV URR or stimulation by 
other viruses could up-regulate viral early gene expres* 
sion. Alternatively, mutations in viral genes required for 
autonomous replication or mutagenic events resulting in 
viral and* host DNA breakage may lead to integration. 
When integration interrupts the expression of the E2 
proteins, the viral transformation proteins would be de^ 
r6presse<S, provided the integration happened to occur 



into active chromatin in a genetic region that could 
provide dovmstream RNA splice and polyadenylation 
sites. In such cas^s, the dividing b^^al and parabasal 
celts would be subject lo unusual and excessive 
amounts of these transforming proteins. Excessive E7' 
- protein stoichiometrlcally could sequester the R8 gene 
product (Dyson et al., this volume) and perhaps other 
anti-oncoproteins and release the cells from controlled 
growth, initiating carcinogensis. Clearly, there are 
numerous untested aspects of this proposal, but a tan- 
talizing profile of many of the. components has been 
provided through efforts In a number of laboratories 
studying RNA transcription and processing, enhancer- 
promoter regulation, protein structure and function, and 
gene expression in relation to tissue pathogenesis. 
Without doubt, there are other critical host cell-virus 
interactions essential for initiation snd maintenance of 
the transformed state and for invasion and metastasis, 
which will also be the subject of future observation and 
experimentation. 
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